The relationship between energy reserves of the penaeid shrimp Penaeus vannamei and Baculoviruspenaei, or BP, were investigated in a series of experiments using mysis stage or early postlarval shrimp. Pre-exposure and post-exposure levels of protein and triacylgycerol (TAG) were determined. The effect of pre-exposure protein and TAG levels on susceptibility to BP infections was also investigated by starving a group of shrimp immediately prior to BP exposure. There was no consistent relationship between either pre-exposure or post-exposure protein levels and the percent of shrimp developing patent BP infections. There was, however, a significant positive correlation between TAG levels immediately prior to viral exposure and prevalence of infection 72 h later. Experimental reduction of TAG reserves prior to BP exposure delayed the development of a patent infection. In some, but not all, experiments there was a significant reduction in TAG levels of infected compared with uninfected shrimp 72 h post-exposure. The effect of patent BP infections on host TAG levels was subordinate to fluctuations in TAG content associated with the ontogeny of the hepatopancreas. Results of this study support histological observations that shrimp lipid levels can be altered by baculovirus infections. Furthermore, high levels of energy reserves in the form of TAG are associated with increased susceptibility to BP infection in larval and postlarval shrimp.
INTRODUCTION
Baculovirus penaei (Couch) , commonly known as BP and designated by the International Committee on Taxonomy of Viruses (Francki et al. 1991) as PvSNPV, is one of approximately 18 viruses reported from penaeid shrimp (Overstreet 1994) . Penaeus vannarnei, the primary species of shrimp used for aquaculture in the Western Hemisphere, is susceptible to BP. In fact, BP can cause serious epizootics with high mortality of larval, and to a lesser extent, postlarval P. vannamei (see Overstreet et al. 1988) . Typically, larval and young postlarval P. vannamei develop patent infections 18 to 24 h following initial exposure to BP (Stuck & Overstreet 1994) . Substantial mortalities or reductions in growth begin to occur 4 to 7 d post-exposure. That pattern of infectivity and pathogenicity is by no means invariable, and exceptions have been reported for experimental studies (LeBlanc & Overstreet 1990 , Overstreet 1994 ) and occur in commercial hatcheries (K.C.S. pers. obs.). Although variability in the apparent susceptibility of P. vannarnei to BP may be related in part to the method used to detect the virus (Bruce et al. 1994 ), a variety of other factors undoubtedly are more significant. Overstreet (1994) has identified viral, host, and environmental factors that may influence BP infections. Among those factors is host nutritional condition.
The nutritional condition of a n animal can be assessed biochemically in terms of available energy reserves. The principal energy storage materials in penaeid shrimp are lipids and protein (Schafer 1968 , Barclay et al. 1983 . Carbohydrates are considered to Dls aquat Org 24-191-198, 1996 be a minor energy reserve in most decapod crustaceans (Barclay et al. 1983) , including penaeid shrimp (Schafer 1968) . Triacylgycerol (TAG) IS the primary class of lipid used for energy storage in animals (Lehninger 1975) . In penaeid shrimp, TAG reserves are rapidly depleted in response to nutritional stress (Chandumpai et al. 1991) . However, during prolonged periods of starvation, protein serves as the major energy source in penaeid shrimp (Barclay et al. 1983 ). Stuck et al. (in press) reported that TAG reserves are significantly reduced in postlarval Penaeus vannamei during the first 24 h of starvation and are rapidly reestablished once feeding resumes. TAG content has been used extensively as an indicator of nutritional condition in larval crustaceans (Fraser 1989 , Ouellet et al. 1992 , Lovrich & Ouellet 1994 . Any type of stress that causes a significant reduction in feeding activities or absorption of nutrients will result in a rapid depletion of TAG reserves in crustacean larvae.
In this study we investigated the relationship between host energy reserves and susceptibility to BP infections. Our specific objectives were (1) to determine the effect that host nutritional condition immediately prior to BP exposure has on infectivity of the virus and (2) to determine the impact that patent BP infections have on energy reserves in larval and postlarval Penaeus vannamei. We measured pre-infection and post-infection TAG and protein levels during a series of experimental BP exposures, some of which were originally designed to assess other aspects of the relationship between BP infections and nutrition. The information obtained during this investigation contributes to a better understanding of how host factors can influence BP infections. 
MATERIALS AND METHODS
BP infectivity experiments. The first phase of the study consisted of a series of 8 experiments in which groups of high health Penaeus vannamei (see Wyban et al. 1992) were experimentally infected with BP. Non-exposed controls were maintained through each experiment. The shrimp used in the experiments were obtained as either nauplii or postlarvae from one of several sources in the U.S.: (1) The Oceanic Institute, Waimanalo, HI, (2) Amorient Shrimp Farm, Kahuku, HI, (3) Harlingen Shrimp Farm, Los Fresnos, TX, and (4) Waddell Mariculture Center. Bluffton, SC. Regardless of the source, all shrimp used in these experiments originated from shnmp spawned from specific pathoqen free (SPF) broodstock produced from Kona Population 1 (see Wyban 1992) . The source of shrimp, stage of development at which exposure to BP was initiated, and the approximate date and duration of each experiment are listed in Table 1 . Shrimp used in Expts 1, 3, 4 , and 5 were obtained as nauplii and reared to the desired age at 27 rt 1°C. The diatom Chaetoceros neogracile was fed to protozoeal stages 1 to 3 and brine shrimp nauplii to protozoeal stage 3 through postlarvae. Shrimp used in Expts 2, 6, 7, and Water used in all the experiments, including the brine shrimp and diatom cultures, was produced from hw-Marinemix@ (Hawaiian Marine Imports, Houston, TX) and deionized water. Disodium ethylenediaminetetraacetate (EDTA-Na2) was added to the salt water at a concentration of l 0 ppm. Salinities were adjusted to 30 ppt for larval stages and 25 ppt for postlarvae. Immediately before exposure to BP, a sub-sample of 15 to 20 shrimp from each experimental group was examined for the presence of BP polyhedra in the hepatopancreas (HP) following the diagnostic procedures for fresh shrimp described by Overstreet et al. (1988) . The same diagnostic procedure was used to determine the prevalence of BP infections in all subsequent experiments. Lack of BP polyhedra in any of the pre-exposure stocks or in the unexposed controls confirmed the BP-free status of our experimental stocks. Expts 1, 2, 3, 4, and 7 were conducted in two 200 1 glass aquaria containing 150 1 salt water Expts 5,6, and 8 were each conducted in two 19 1 aquaria containing 15 1 of salt water Stocking densities were approximately 80 t.o 100 I-' for mysis shnmp, and 8 to 10 1-' for postlarvae. During each expenment, shrimp in one aquarium were exposed to BP and shrimp in the second aquarium from the pair served as the negative control. The strain of BP and the procedures for viral administration have been descrlbed previously by Stuck & Overstreet (1994) .
In all experiments, 3 replicate samples consisting of approximately 30 mg (wet weight) of larvae or postlarvae were collected for TAG analysis immediately prior to BP exposure. Protein samples were collected only during Expts 1, 2 and 7. If sufficient numbers of larvae or postlarvae remained, a second set of samples was collected for TAG and protein analysis 72 h after initial viral exposure. Samples for TAG and protein analysis were immediately frozen in liquid nitrogen and stored at -70°C. Beginning at 12 to 18 h postexposure and continuing through the duratlon of each experiment, the prevalence of infection was determined at periodic intervals by examining a subsample (n 2 10 individuals depending on availability) of the BP-exposed and corresponding unexposed cultures. During 3 experiments (see Table l ) , the effects of BP on energy reserves were monitored over extended periods of time. Through the duration of those experiments, replicate samples (n = 3 or 4) were periodically collected for protein and TAG analysis, and the prevalence of infection was determined from sub-samples (n 2 10) of the BP-exposed and unexposed cultures. Data collected during Expts 1 to 8 were used to determine the relationship between preexposure energy reserves and susceptibility to BP infection. Data from Expts l to 4 and 7 were used to determine the impact that patent BP infections have on post-exposure energy reserves.
In the second phase of the study (Expt g), we continued our investigation of the effect that pre-exposure host energy reserves have on susceptibility to infection by starving a group of postlarvae prior to BP exposure. The resulting pattern of infectivity was compared to a continually fed control group. Shrimp used in this study were obtained as nauplii from The Oceanic Institute and reared in a 95 1 aquarium to the postlarval stage (PL-16) following culture procedures described previously. Approximately 250 postlarvae from that common initial culture were placed into two 19 1 aquaria; one culture was maintained for 48 h without providing food and shrimp in the other were continually fed. Replicate samples (n = 3) were collected for TAG and protein analysis from the common initial culture immediately prior to stocking the two 19 l aquaria, and 48 h later from both the fed and starved groups of postlarvae. Fed and starved postlarvae were then exposed to BP at which time feeding of starved postlarvae resumed. Beginning at 18 h post-exposure a n d continuing for 192 h, we periodically monitored the prevalence of infection from sub-samples (n = 15) of the starved-fed and fed cultures.
Protein and TAG determinations. Samples collected for protein and TAG analysis were homogenized in 20 volumes of cold distilled water using a small hand-held electric tissue grinder and then briefly sonicated. Two 50 p1 aliquots of each sample were placed in pre-weighed, aluminurn, micro weigh pans and dried at 80°C for 24 h. After cooling to room temperature, each pan was reweighed to the nearest 0.1 pg using a Cahn Electrobalance. The weights obtained were used to estimate the total dry weight of the aliquots taken for TAG and protein determinat i o n~.
A 25 p1 aliquot was used to determine the soluble protein content of each sample. Protein concentration was determined using a Bio-Rad protein assay kit based on the Bradford method (Bradford 1976) . Bovine serum albumin was used as the standard.
Lipids extracted from 400 p1 aliquots were used to determine the TAG content of each sample (Bligh & Dyer 1959 ). An internal standard, palmitic acld propyl ester, was added to the extracted lipids, and the samples were then evaporated to dryness by blowing a gentle stream of N2 gas over the samples. Neutral lipids were separated by thin layer chromatography on Type S-111 chromarods using the solvent system dichloroethane:chloroform:acetic acid (926:31:1). The TAG content of each sample was quantified using a n Iatroscan TH-10 Mark IV (see Ranny 1987) . Tripalmitin was used a s the standard. The concentrations of TAG and protein were calculated and expressed as 1-19. mg-l dry weight.
Statistical analysis. Mean and standard error for TAG and protein concentrations were determined for each set of replicate samples collected at each sampling time. Differences in TAG and protein levels between BP-exposed and unexposed control shrimp were tested for significance using the Student t-test. Bonferroni-corrected 95 % t-critical values were used when multiple comparisons were made.
Analysis of differences in protein a n d TAG levels of infected a n d uninfected shrimp was limited to comparisons within individual experiments. Correlations between prevalence of infection and both protein and TAG concentrations were determined by simple linear regression. Analysis of variance was used to test for significance of the regressions. 
RESULTS

Establishment of patent BP infections
In each of the 8 experiments conducted during the first phase of the study, viral polyhedra characteristic of a patent BP infection first appeared in the HP 18 to 24 h post-exposure. However, progression of the infection after the initial appearance of polyhedra was variable between different experiments (Table 2) . During Expts 3, 4 , 5, 7, and 8, 86 to 100% of the shrimp exposed to BP were infected within 72 h. In contrast, 35 % or less of the BP-exposed shrimp in Expts 1, 2 and 6 developed patent infections by 72 h. In Expts 1 and 2, the prevalence of infection increased to 100% by 9 to 10 d after initial viral exposure. Substantial mortalities among BP-infected shrimp were evident only during Expts 1 and 3, and occurred 4 to 7 d after initial viral exposure.
Effects of BP infection on shrimp energy reserves
In the first phase of the study, TAG levels of BPinfected and un~nfected shrimp 72 h post-exposure were determined during Expts 1 to 4 and 7 (Table 2 ). In Expts 3 and 4, the mean TAG levels of infected shrimp were reduced significantly (p I 0.01) compared to the uninfected controls. Mean TAG levels were reduced slightly, but not significantly in infected shrimp compared with uninfected animals during Expts 1 and 2. During Expt 7, the mean TAG levels of infected and uninfected shrimp were both low and nearly identicaI. There was no significant correlation between mean 72 h post-exposure TAG levels of either infected or uninfected shrimp and prevalence of infection in the BP-exposed treatments due primarily to the low TAG levels observed during Expt 7. During Expts 1, 2, and 7, protein and TAG levels were monitored for extended periods (15 to 25 d) following initial exposure to BP. In all 3 experiments, TAG content of infected and uninfected shrimp followed similar patterns of change (Fig. 1) In Expts 1 and 7, TAG levels at the termination of the experiment were substantially, but not significantly higher in BPexposed shrimp compared with unexposed shrimp, whereas in Expt 2, they were substantially lower. During all 3 experiments, differences in TAG levels observed between infected and uninfected shrimp were not significant based on Bonferroni 95 % t-critical values. Among BP-exposed shrimp, there was no significant correlation between TAG levels and prevalence of infection. During Expts 1 and 2, protein levels (Fig. 2) were variable between sampling periods in both BP-exposed and unexposed shrimp. Protein levels among infected shrimp at the end of Expt 1 were significantly lower ( p 5 0.01) than uninfected shrimp, but were significantly higher (p I 0.01) in infected compared to uninfected shrimp at the end of Expt 2 In Expt 7, proteln levels of BP-exposed and unexposed shrimp remained relatively stable and were nearly identical throughout the course of the experiment. In all 3 experiments, protein levels were not significantly correlated with either prevalence of infection or TAG levels.
Effect of pre-exposure energy reserves on infectivity of BP In all 8 experiments conducted during the first phase of the study, TAG levels were determined immediately prior to BP exposure (Table 2) . Overall, there was a weak but significant positive correlation (r2 = 0.427, p 5 0.05) between pre-exposure TAG levels and prevalence of infection 72 h post-exposure (Fig. 3 ) . When mean pre-exposure TAG levels were 11.8 pg mg-I the 72 h prevalence was 535%. When mean pre-exposure TAG levels were 23.5 pg mg-', the 72 h prevalence of infection was 286%. Among those groups of shrimp with a mean pre-exposure TAG level 53.5 pg mg-', there was a strong positive correlation. (r2 = 0.959, p I 0.001) between the preexposure TAG levels and 72 h prevalence of infection. Among those groups of shrimp with a mean pre-exposure TAG 13.5 pg mg-', there was a weak but significant negative correlation (rZ = 0.422, p 1 0.05) between pre-exposure TAG level and 72 h prevalence of infection. Pre-exposure protein levels, determined during Expts 1,2, and 7, were not significantly correlated with 72 h prevalence of infection.
In the second phase of the study (Expt g), we experimentally reduced energy reserves by starving shrimp immediately prior to BP exposure. TAG levels were reduced significantly (p 5 0.01) in postlarvae starved for 48 h compared to either the initial common stock of postlarvae or the continuously fed controls (Fig. 4 ) . Protein levels were not influenced significantly by starvation. Among the fed controls, viral polyhedra were observed at 18 h post-exposure, and the maximum prevalence of infection (93 %) occurred at 72 h (Fig. 5) . Viral polyhedra were first observed at 30 h post-exposure in the previously starved group of postlarvae; however, the prevalence of infection then increased rapidly to levels similar to fed postlarvae.
DISCUSSION
There appears to be a relationship between TAG content of penaeid shrimp and baculovirus infections in this and previous studies. Stuck & Overstreet (1994) reported a reduction in the number and size of lipid droplets in the hepatopancreas (HP) of larval and postlarval Penaeus vannamei infected with BP. Vogt (1992) observed a proliferati.on of smooth endoplasmic reticulum (ER) into concentric membrane whorls indicative of lipid catabolism in HP cells of P monodon infected with the baculovirus MBV He reported that HP cells in the advanced stages of infection lacked lipid reserves. Couch (1989) observed the formation of a membranous labyrinth (ML) from ER vesicles in BP-infected P. duorarum during the early stages of viral infection. He observed that the ML is closely associated with viral repliHours Post-Exoosure . , value> a l e r n p~r h s r d as iiie 'jb of postlarvae with viral p d yhedra of the total examined (n = 15) from each post-exposure sampling period. Feeding of starved postlarvae resumed after initial exposure to BP cation, and one of its functional roles may be related to energy demand. TAG is the primary class of lipid used for energy storage in penaeid shrimp (Chandumpai et al. 1991) and constitutes approximately 18 % of the total wet weight of HP in juvenile P. vannamei (K.C.S. unpubl. data). The reduction of lipids in response to baculovirus infection observed in previous studies is likely to be primarily attributable to TAG. In our study, we did not observe any significant or consistent relationship between protein levels and BP infections. Measurements of mortality due to viral exposure were not made in all 8 experiments conducted during the first phase of this study; however, data on the survival of BP-infected and uninfected control shrimp from Expts 1, 2, and 3 have been presented previously (Stuck & Overstreet 1994) . Although significant viral related mortality was observed during Expts 1 and 3, that mortality was not evident until 4 to 7 d post-exposure. In other experiments conducted durlng this study, substantial mortalities in either control or infected treatments were not evident during the first 72 h following initial viral exposure. It is therefore unlikely that the relationship between BP and TAG levels observed in this study is the result of differential survival of infected compared to uninfected shrimp.
Investigating the relationship between BP and TAG content is complicated by a variety of non-viral factors that can also influence TAG content. When interpreting results of this study, we must consider the possible effects of molting activities, stage of development, nutrition, and the inherent capacity of a brood of shrimp to store TAG. Chandumpai et al. (1991) observed a relative increase in TAG content in the HP of sub-adult Penaeus esculentus during early premolt, but otherwise did not find a definite trend in TAG levels during the molting cycle. Samples collected for TAG analysis during our study consisted of approximately 10 (older postlarvae) to several hundred (mysis stage) shrimp. Since molting did not appear to be completely synchronous in our experimental cultures, the samples consisted of shrimp in a variety of molt stages, thus minimizing the possible effects of molting on TAG content.
The accumulation of TAG reserves in larval and postlarval Penaeus vannamei are significantly influenced by the stage of development. Since almost all the TAG in penaeid shrimp is found in the HP (Chandumpai et al. 1991) , changes in the concentration of TAG relative to the total weight of the shrimp should parallel the ontogeny of that organ. In P. setiferus, there is no significant change in the volume of the HP from M-I1 through PL-4, and the rate of increase in the HP volume does not equal that of the body until about PL-10 (Lovett & Felder 1989) . Thus, during that period of development the relative concentration of TAG should decrease. After PL-10, the HP begins to rapidly increase in size, and there should be a corresponding increase in the relative concentration of TAG. The pattern of change in TAG levels of both BP-exposed and unexposed shrimp observed during Expts 1, 2, and 7 (see Fig. 3 ) generally followed the ontogeny of the HP. The post-exposure effects of BP on TAG levels appear to b e subordinate to those resulting from normal developmental patterns. Patent BP infections were associated with a 72 h post-exposure reduction of TAG levels in shrimp from some, but not all of the experiments conducted. Shastri-Bhalla & Consigli (1994) reported a 29 O/u reduction m TAG levels among insect larvae during the development of a patent baculovirus infection. Vogt (1992) suggested that the reduction of lipid reserves during the later phases of an MBV infect~on was due to energy requirements for viral replication. It is also possible that the reduction in energy reserves associated with patent baculovirus infections observed in this and previous studies resulted from reduced feeding activities of infected individuals. We also observed substantially higher TAG levels in infected compared with uninfected shrimp a t the end of Expts 1 and 7. Those results support the observations by Stuck & Overstreet (1994) that after shrimp have recovered from the initial deleterious effects of BP, infected shrimp often experience accelerated growth.
Following initial viral exposure, all cultures were fed ad libitum, with brine shrimp from the same lot and therefore providing a similar nutritional diet. Differences in observed TAG levels between experiments attributable to nutrition should be minimal. However, during Expts 1 to 4, when shrimp were transferred from a common stock to separate experimental aquaria, feeding levels were reduced 8 to 12 h prior to BP exposure. That reduction in feeding may account in part for the relatively low pre-exposure TAG levels compared with the 72 h levels observed during those experiments. Despite those possible reductions in TAG, there was still a weak but significant correlation between pre-exposure TAG levels and 72 h prevalence of infection. However, because there is an upper limit (100'2/0) for prevalence of infection, the relationship between pre-exposure TAG levels and 72 h postexposure prevalence of infection (Fig. 3) was not linear over the entire range of TAG levels obtained during the study. There appears to be a 'threshold' concentration for TAG, beyond which larval a n d early postlarval shrimp are highly susceptible to BP infection.
In Expt 1 (Fig. l A ) , pre-exposure TAG level was relatively low, but increased 10-fold approximately 24 h after ad libitum feeding levels resumed. After 72 h,the prevalence of infection suddenly increased from 31 ' Yo (72 h post-exposure) to 80 % (96 h post-exposure). We observed a similar response in Expt 9 conducted during the second phase of the study in which pre-exposure TAG levels were intentionally reduced by starving postlarvae for 48 h prior to BP exposure. In that experiment, there was a 12 h delay in the development of a patent infection among postlarvae with reduced TAG levels compared to that in the fed controls. In both of those experiments, the low pre-exposure TAG levels appear to have lengthened the prepatent period of the virus. Starvation and nutritional deficiencies also have been shown to delay or suppress development of baculoviruses in some insects (see Benz 1987) .
The association we observed between pre-exposure TAG levels and the 72 h prevalence of infection appears to be related to the rate at which the virus multiplies after the shrimp is initially infected and not susceptibility to viral infection. Postlarval Penaetfs vannamei that are in poor nutritional condition have slow growth rates and low TAG levels (Stuck et al. in press ). Under such conditions, viral reproduction is likely to b e slow and patent infections take longer to develop. As feeding levels increase and the nutritional condition of shrimp in~proves, viral replication reaches an optimal level. This would account for the strong positive correlation observed in this study between the 72 h prevalence of infection and groups of shrimp with pre-exposure TAG levels 1 3 . 5 pg my-'. As TAG levels improve above optimal levels (23.5 pg mg-l) the immunocompetence of the shrimp may also improve, resulting in a decrease in patent infection rates. This would account for the negative correlation observed between the 72 h prevalence of infection a n d groups of shrimp with pre-exposure TAG levels 23.5 p g mg-l.
There also appears to be a n inherent difference in the ability of various broods of shrimp, reared under similar a d libitum feeding conditions, to store TAG. For example, the maximum level of TAG recorded from Expt 1, in which mysis stage shrimp were used, was 12.4 pg mg-' dry wt. In comparison, TAG levels from mysis stage shrimp used in Expt 4 were as high as 25.1 pg mg-' dry wt. Postlarvae used in Expt 3 had TAG levels as high as 21.8 pg mg-' dry wt compared to 12.0 pg mg-' dry wt or less in other groups of postlarvae. Shrimp that have the capacity for storing large reserves of TAG, either immediately before or after exposure to BP, appear to be most susceptible to infection. That relationship does not necessarily serve as evidence for a direct interaction between baculovirus replication and lipid reserves as suggested by Vogt (1992) , although such a relationship seems plausible. TAG levels may simply reflect the inherent metabolic activity of a group of shrimp. Hiqh TAG levels may be associated with fast growing shrimp in which the rapidly dividing tissues provide an excellent multiplication ground for the virus. Stuck & Overstreet (1994) reported that BP was most pathogenic to fast growing shrimp, which are likely to have greater energy reserves than slow growing shrimp. The results of our study support that observation. Differences in susceptibility of various high health stocks to BP infection reported by Overstreet (1994) may be related to inherent differences in growth rates and ability to accumulate TAG reserves. In summary, a variety of factors may have an effect on host susceptibility to BP infections. Of those, TAG levels appear to have a significant influence. Future studies should investigate the relationship between pathogenicity of viral infections and energy reserves or growth rates in shrimp.
